Date palm is one of the most economically important woody crops cultivated in the Middle East and North Africa and is a good candidate for improving agricultural yields in arid environments. Nonetheless, long generation times (5-8 years) and dioecy (separate male and female trees) have complicated its cultivation and genetic analysis. To address these issues, we assembled a draft genome for a Khalas variety female date palm, the first publicly available resource of its type for a member of the order Arecales. The ~380 Mb sequence, spanning mainly gene-rich regions, includes >25,000 gene models and is predicted to cover ~90% of genes and ~60% of the genome. Sequencing of eight other cultivars, including females of the Deglet Noor and Medjool varieties and their backcrossed males, identified >3.5 million polymorphic sites, including >10,000 genic copy number variations. A small subset of these polymorphisms can distinguish multiple varieties. We identified a region of the genome linked to gender and found evidence that date palm employs an XY system of gender inheritance.
A r t i c l e s
The date palm is one of the oldest cultivated trees in the world, with evidence of domestication dating back >5,000 years 1 . The discovery of dates in the tombs of pharaohs and in neolithic sites dating from 7,000 to 8,000 years ago 2 demonstrates the historical significance of the species to human nutrition. Date palm trees are critical to agriculture in many hot and arid regions, and dates are the most important agricultural product of many countries in the Arabian Gulf. Total global production of dates in 2007 was 6.9 million tons (http://faostat. fao.org/).
However, date palm biotechnology faces many challenges, including long generation times, the inability to simply distinguish between the many varieties of date palm and the inability to distinguish female from male trees at an early stage. There are >2,000 date varieties with differences in color, flavor, shape, size and ripening time 3 and the genetic component of gender determination is not well understood 4 . Specifically, date palms take 5-8 years after planting to flower, the earliest point at which male and female trees can be distinguished. Especially because date palm orchards, which primarily comprise fruit-bearing female trees, can be rapidly ravished by disease, the ability to quickly replant orchards from seeds or seedlings known to be female would be of great benefit. There are no easily distinguishable sex chromosomes in date palm, despite some cytological evidence that they exist 5 . As biochemical studies have yielded little insight into how to identify the genders of immature plants 6 , the identification of DNA sequences or sequence polymorphisms that are gender specific offers a promising alternative to efficiently determine date palm gender.
In large part owing to its long generation time, there are few genetic resources for date palm. The most extensive is a backcrossing program initiated in California in the 1940s 7 , which required >30 years to generate. To our knowledge, there is no publicly available physical or genetic map for the genome of any date palm, and at the outset of this project only ~100 kbp of nuclear date palm DNA sequences were found in GenBank (http://www.ncbi.nlm.nih.gov/, March 1, 2009) (Fig. 1) . To provide date palm researchers with the additional resources needed for comprehensive efforts to study and improve this important crop, we used massively parallel sequencing to assemble a draft genome sequence of date palm. Our analysis of nine varieties reveals polymorphisms that should provide an invaluable resource for the date palm community to identify ways to predict plant gender, maintain genetic diversity and improve traits such as fruit quality and ripening time.
RESULTS
We sequenced and assembled the genome of a female tree because, as the fruit-producing trees, female plants are of greater agricultural significance than male trees. The Khalas cultivar we selected to work with is traditionally regarded as the quintessential date variety with very high fruit quality. 10 , which can use paired-end information for resolving repeats and has been used for other large genomes 11 . We used the SOAP Correction Tool to correct sequence reads before assembly and closed gaps where possible with the SOAP GapCloser. The assembly stage used 526,443,374 sequences as input (Supplementary Fig. 1 ). This yielded an N50 contiguous sequence (contig), the shortest length of contigs contributing more than half of assembled sequence, of 6,441 bp and a scaffold N50 size of 9,339 bp when scaffolds <500 bp were excluded. We further joined SOAPdenovo scaffolds into larger scaffolds with 28.6× physical coverage from type III restriction enzyme libraries (2,000-5,000 bp) 12 using the BAMBUS software 13 ; at least three longer mate-pair links were required to join contigs to scaffolds. This resulted in 57,277 scaffolds with an N50 size of 30,480 bp spanning 381 Mb of sequence. Post-assembly matching of sequences revealed a sequence redundancy of 53.4× from reads with an average length of 64 bp. This coverage is greater than the theoretically determined minimum for a high-quality assembly using reads of this length 10 . With a heterozygous genome, it is possible for the assembler to have split alleles and assembled them separately. This would result in contigs with half the sequence coverage of the genome average. However, distribution of coverage on the assembly showed no secondary peak at half the mean coverage (Supplementary Notes, Supplementary  Figs. 2 and 3) , indicating that assembly of separate haplotypes is most likely localized to short regions. With this short-read strategy, contigs broken by short repeats are joined to a scaffold by paired-end information. Large repetitive regions are expected to be intractable with this approach and are not included in the assembly.
De novo genome sequencing and comparative genomics of date palm (Phoenix dactylifera)
To investigate the accuracy and completeness of the full genome assembly, we next made comparisons to fully sequenced genomic DNA regions from both the Deglet Noor cultivar and other Khalas cultivars (Supplementary Table 1 and Supplementary Fig. 4 ). 
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A r t i c l e s
We used Sanger technology to completely sequence six fosmids containing Deglet Noor inserts. Scaffolds from the assembly aligned to 60% of the mainly gene-rich total fosmid sequence, giving an indication of the completeness of the draft genome sequence. Analysis of the fosmid sequence not captured in the full genome assembly revealed that the majority of these regions are highly repetitive (Supplementary Notes and Supplementary Table 2 ). This investigation indicates that gene-rich regions were reconstructed more effectively than regions rich in transposable elements, and genes were recovered at much higher frequencies than repeat sequences.
We further compared the genome assembly to 109,244 contigs of assembled date palm expressed sequence tags (ESTs) (unpublished data). Using BLAT 14 , 72% of EST contigs matched at least 90% of their length, whereas 86% of high-quality EST bases could be aligned to the reference sequence with a minimum of 98% sequence identity. Furthermore, using the CEGMA pipeline 15 , which checks for fulllength models of core genes, 94% of core eukaryotic genes were found in the assembly, and 71% of these were recovered as full-length gene models. Taken together, the data suggest that our assembly describes ~90% of date palm genes and ~60% of the full date palm genome sequence. The uncaptured regions of the genome are likely to be highly repetitive and thus intractable to the assembly approach used.
Genome annotation
Repeat masked scaffolds were passed to the Fgenesh++ pipeline for both de novo and homology-based gene prediction 16 . A total of 28,890 gene models were predicted. Of these, 25,059 predicted proteinencoding genes had significant BLAST similarity to proteins from other organisms in the nonredundant (NR) database at the National Center for Biotechnology Information (NCBI). Gene ontology information was assigned using BLAST2GO 17 . GC content within coding DNA sequence was 47.6%, whereas the entire assembled genome has a GC content of 38.5%.
The top BLAST hits for 9,022 of the predicted proteins for date palm matched predicted proteins from Vitis vinifera, a eudicotyledonous crop, followed by 5,094 top matches to predicted proteins from the monocotyledonous crop Oryza sativa. This higher protein sequence similarity between the two less phylogenetically related plants (the monocotyledonous date palm and the eudicotyledonous grapevine) has been observed by others in gene families from oil palm 18 and for oil palm ESTs 19 . Initial suggestions are that the grasses are a more diverged monocotyledonous group than date palm; however, additional studies will be required to fully explain this observation.
We found a total of 2,949 gene models (10% of those predicted) with high homology to genes encoding transposable elements. Among them, the protein-coding regions of 2,097 models matched transposable element proteins (BLASTP, E-value < 10 −5 ). The other 852 models matched predicted transposable element genes in their intron regions. These transposable elements within genes are likely to be found at low copy numbers in the genome, or they would not have been assembled. Overall, 55,855 sequences identified in the full genome assembly had characteristics of transposable elements. Some of these, including a few long terminal repeat (LTR) retrotransposons (45 families) and the tiny transposable elements called MITEs (35 families) were identified using structural criteria [20] [21] [22] . Representative sequences of these MITE and LTR families are presented in the Supplementary Notes. However, most were found by homology to known transposable element proteins. The transposable elements found in the full genome assembly were compared with the raw genomic sequence data. As expected, because of the inability of short reads to resolve long repeats, many more transposable element-related sequences were identified in the raw shotgun data than in the assemblies (Supplementary Table 3 ). The most abundant transposable elements identified in date palm, LTR retrotransposons of the Copia (~3.1% of reads) and Gypsy (~1.4% of reads) superfamilies, were found to occur 50-fold (0.062%) and 25-fold (0.056%) less frequently in assembled reads than in shotgun reads, respectively. The most abundant DNA transposable elements are the CACTA elements (0.03% of shotgun reads) (Supplementary Table 3 ). Because only predicted protein homologies were used to identify transposable elements and because all transposable elements contain extensive noncoding DNA, we expect that the vast majority of the transposable element-related DNA in the date palm genome assembly was missed by this approach (Supplementary Notes).
Polymorphism and comparative genomics
Using massively parallel sequencing on a cultivar of date palm with no documented inbreeding allowed us to detect a large number of parental allelic differences (Supplementary Fig. 1 ). Using BWA 23 and SAMTOOLS 24 software, we called 1,748,109 single-nucleotide polymorphisms (SNPs) in 381 Mb of sequence, yielding a heterozygosity rate of 0.46% or 1 SNP/217 bp. However, the distribution was significantly skewed, with 49% of SNPs being found within 50 bp of another SNP (Fig. 2a) . These results were observed even when suspected repetitive regions, including ends of contigs and high sequence-coverage regions, were excluded from the analysis. These results suggest that there are islands of higher polymorphism within the genome, and this observation is important to subsequent large polymorphism analysis. A total of 100,019 of the parental SNPs A r t i c l e s occurred within a predicted gene-encoding sequence, and 53,890 of these cause an amino acid change. This yields a nonsynonymous-tosynonymous SNP ratio of 1.17; a ratio similar to that of 1.2 reported in rice 25 .
To better characterize polymorphism in date palm from a biotechnology perspective, we sequenced to varying levels of coverage the genomes of representative male and female plants from the most popular commercial varieties Deglet Noor and Medjool, and the genome of a female belonging to the noncommercial AlrijalF variety (Table 1 ). Additionally, to characterize possible gender differences, we sequenced genomic DNA from two backcrossed males, two backcrossed females and one nonbackcrossed male ( Table 1) . We identified 3,518,029 SNPs in 381 Mb that were polymorphic in at least one of the sequenced genomes. The genotypes of all sequenced genomes were documented at these sites. As expected, genotypes were much more conserved between the backcrossed genomes and their recurrent (the parent maintained at each crossing with its progeny) parents than between different varieties (Fig. 2b) . Indeed, clustering of the genomes by the genotypes at 3.5 million locations revealed the close relationship of the backcrossed trees and their recurrent parents (Fig. 2c) . Moreover, the genome of an individual of the Khalas variety collected in Qatar clustered very close with trees backcrossed to a California Khalas plant believed to have been imported from Arabia almost 100 years ago 26 . We used a decision-tree algorithm 27 to identify a minimal five SNPs capable of distinguishing the nine varieties for which genomic sequencing data were available (Supplementary Table 4) . A total of 32 SNPs (Supplementary Table 4) were highly informative in discriminating the varieties and may be helpful in discriminating other date palm varieties. Using just these 32 SNPs to separate the varieties provided little loss of discrimination power, with the top three principal components decreasing from 74% to 71% when comparing results with 3.5 million versus the core 32 SNPs (Fig. 2d ). An additional four genomes were genotyped at these 32 SNPs and clustering analysis revealed their capacity to Observed no. of genes in category/expected False discovery rate (FDR) Fig. 5 ). This set of SNPs provides a starting point for developing DNA markers capable of discrimination between the >2,000 varieties of date palm. Large-scale polymorphisms, including copy number variations (CNVs), can be detected from sequence data by identifying regions where the observed number of matching sequences from a genome significantly deviates (either up or down) from the expected number (Supplementary Fig. 1) . By matching sequences from each genome to the Khalas reference, gene-sized regions with significantly imbalanced counts of sequences were detected using CNV-SEQ software 28 . We term these 'imbalanced sequence count regions' (ISCRs) to distinguish them from more rigorously proven CNVs. As with the SNP data, extensive conservation of ISCRs was observed between backcrossed genomes and their recurrent parent (data not shown). Subsequent analysis was restricted to nonbackcrossed genomes to avoid duplication of results from inbreeding. A total of 10,388 ISCRs were detected that both overlap a predicted gene-coding region and occur in at least two genomes (Supplementary Table 5 ). At most, 10% of ISCRs were unique to a given genome (Fig. 3) .
A r t i c l e s distinguish between the varieties (Supplementary
Whereas uneven distribution of polymorphisms interspersed with high sequence conservation in gene regions 29, 30 may lead to false ISCR detection, modeling (Supplementary Notes) suggests that most of these ISCRs are real. Furthermore, quantitative PCR (qPCR) of five ISCRs on the four test genomes (20 different tests), gave 16 results consistent with expectation (amplified or deleted). Visual inspection of the sequence alignment in the four ISCR regions that failed to be validated revealed that, in some cases, sequence coverage variability is due to very high sequence polymorphism rather than absolute loss of sequence.
Genes exhibiting ISCRs in at least two genomes were analyzed for enrichment of Gene Ontology categories using the GOSSIP package within BLAST2GO 17 , and enrichment was found in certain functional categories (Fig. 4) . Interestingly, the categories for lignin, laccase and phenylpropanoid metabolism were overrepresented in ISCR regions. Genes in these processes are important in fruit flavor and ripening 31 , two of the most distinguishable differences between date palm varieties, and may thus be of value in understanding the genetic regulation of the commercially relevant properties of date palm fruit. The large number of ISCRs between the genomes analyzed here are not entirely unexpected. It has been shown that a significant amount of variation among genomes is related to insertions and deletions 32, 33 and, in some plants, this amounts to 10-20% of genome variation between cultivars 34, 35 .
No ISCRS were found to segregate with gender. Recognizing that comparing all genomes to the Khalas female genome could only identify female-specific sequences, we attempted to assemble malespecific sequences. We assembled reads from the male Deglet Noor BC5 genome. Very short contigs were expected because sequence redundancy (20×) was low, but this served as a first check for malespecific sequences. Sequences from the female genomes were matched to the Deglet Noor BC5 male contigs. All contigs were found to have significant sequence coverage from at least one of the six female genomes. Annotation of the short contigs revealed high frequencies of LTR retrotransposons, but no distinguishable male-specific genes.
Identification of gender-linked scaffolds
We scanned the 3.5 million SNP genotypes in the male and female genomes to identify polymorphisms that segregate with gender ( Supplementary Fig. 1 ). The observed results best fit an XY sexdetermination model with males being the heterogametic sex. Applying a heterogamete male model, we observed 1,605 SNPs that segregated with gender. Of these, 923 (58%) localized to 344 kb within 24 scaffolds spanning 602 kb (Supplementary Table 6 ). Specifically, all male genomes shared mainly the same heterozygous genotypes, whereas female genomes shared mainly the same homozygous genotypes in these scaffolds (Fig. 5) . The scaffolds are broken by gaps that probably contain substantial amounts of repetitive DNA.
Analyzing two scaffolds with the most gender-segregating SNPs, we observed an approximate threefold difference in divergence from the reference sequence between male and female haplotypes. Furthermore, an almost 30-fold difference was observed between the number of male and female heterozygous SNPs within these regions. The genotypes of 867 polymorphic sites were recorded for all genomes in these regions. Comparison of the Deglet Noor and Medjool females to the Khalas female reference revealed that 253 and 271 sites differed from the Khalas reference and only 24 (9%) and 19 (7%) sites were heterozygous, respectively. At the same positions, their backcrossed males showed 736 and 770 sites differing from the Khalas reference, and 584 (79%) and 578 (75%), respectively, of these were heterozygous. The significantly higher heterozygosity levels (χ 2 = 893.6 and 767.7, respectively, 1 d.f., P < 0.0001) in the males represents an approximately threefold greater heterozygosity in these regions when compared to the rest of the genome. The females have significantly lower heterozygosity in these regions with respect to the rest of the genome (χ 2 = 435.9 and 410.2, 1 d.f., P < 0.0001), resulting in an ~14-fold lower heterozygosity in these regions relative to the rest of the sequenced genome. This pattern of sequence degeneration between male and female haplotypes may be indicative of reduced recombination between the male and female haplotypes, which is a step that may be critical to the development of gender-specific regions 36, 37 . In these two scaffolds, we observed seven exons in three of the four annotated genes (Fig. 5b) that contained unusually long introns, ranging between 4 kb and 13.1 kb (compared to an average of <200 bp for most flowering plant introns). Longer introns occur more frequently in regions of low recombination in Drosophila melanogaster 38 .
To determine whether the observed differences in heterozygosity are indeed linked to gender, we selected short regions from the four scaffolds with the largest number of segregating SNPs for genotyping in a pedigree containing six date palm female varieties and their 28 progeny (Supplementary Table 7) . Genotyping results indicate that these four scaffolds are linked to each other with no recombination between them (Fig. 5b) , suggesting they likely localize to the same region of the genome. Using only empirically determined genotypes on males and females (excluding the rare hermaphrodites), the genotyped scaffolds significantly link to gender with a log 10 odds (LOD) score of 5.3 (recombination frequency of 0.07), with only two males showing recombination. Furthermore, as backcrossed plants were used in the pedigree, theoretically determined genotypes of donor parents (Supplementary Methods) can be included, improving the LOD score to 8.9 (recombination frequency of 0.05) (Fig. 5a) . Genotyping of date palms outside the pedigree was consistent with the trend of male heterozygosity and female homozygosity. Of 63 empirically and theoretically genotyped males and females, only 5 did not give the expected genotype (Fig. 5b) . Additionally, one male was observed to be homozygous for the male-specific allele (Supplementary Table 7 ). Predicted genes in this region (Supplementary Table 6 ) include one encoding rcd-1, 'required for cell differentiation homolog' , a Myb family member, and a gene predicted to encode a prenyltransferase of the rab geranylgeranyl transferase family. Interestingly, the rcd-1 gene is important in sexual development in yeast 39 and interacts with c-Myb 40 . Moreover, it has been shown that cell differentiation control in date A r t i c l e s palm floral development is critical to sex organ development 41 and that there are sets of MADS box genes, which control flower development, and require prenylation for correct function 42 . We observed multiple nonsynonymous polymorphisms between the male and female haplotypes in these genes, although none were certain to be deleterious to protein function.
DISCUSSION
We present, to our knowledge, the first publicly available draft of the nuclear genome for a member of the palm family (Arecaceae) and indeed the entire order Arecales. Date, oil and coconut palms are important crops in several developing countries, and this sequence provides a resource that may be vital for their improvement. For instance, it would have been extremely difficult to identify the genderspecific SNP markers we report without the availability of a draft genome sequence. Despite the limitations of short-read assembly in handling heterozygous and repetitive regions, we obtained gene regions with contiguity similar to other draft genome sequences 43, 44 by using paired-end libraries of varying sizes. The approach focused on assembling the gene-containing regions of the date palm by relying on the observation that most plants have fewer repeat sequences within genes than in extragenic regions. In terms of a framework used to classify the quality of plant genome assemblies 45 , we regard this as a high-quality draft genome, with its implied benefits and caveats. The next step in the improvement of this sequence should be its anchoring to physical and genetic maps. However, the utility of the current assembly is best revealed by its promise for beginning to answer pressing needs in date palm improvement.
The capacity to use genetics to differentiate between cultivars and predict the gender of immature trees are perhaps the two most immediate challenges in applying biotechnology to date palm cultivation and improvement. Annotation of the current assembly has dramatically improved our knowledge of the gene content and allelic variation of date palm. Sequence data from multiple genomes have provided the largest resource of polymorphic markers to date. A small subset of these new markers can serve as a starting point for a set capable of distinguishing the >2,000 date palm varieties.
We have sequenced three of the top date palm varieties that are important in three regions of date palm production: Khalas, favored in Arabia; Deglet Noor, favored in North Africa; and Medjool, increasingly favored in California 26 . This resource will allow future comparisons of traits, such as fruit quality and ripening time, which vary among these favored varieties. Sequencing of the backcrossed males, a unique resource in any long-generation plant, allowed us to begin to dissect genomic differences between male and female date palms. The scaffolds we have identified to be strongly linked to gender may form the basis of a DNA marker-based gender test for use at the seed and/or seedling stages. These regions should be studied further to identify a possible specific mutation, mutations or other gene content difference that determines plant gender.
For millennia date palm cultivation of favored female varieties has taken the form of offshoot propagation. More recently, somatic embryogenesis has been used to propagate favored varieties. It has been essentially impossible to grow a specific female date palm variety from seed because seedling-grown fruit quality is too different from the mother to be economically useful. By combining the findings presented here with the backcrossed genetic resources that have been generated for decades 7 , we may soon have access to seeds of backcrosses that are identified as being female before germination and genotyped at trait loci to show similarity to the original mother. Our results lay the foundation for future date palm research at the genomic level by providing the first genome-wide gene set, the first genome-wide multivariety polymorphism set and the first genderlinked regions for this species.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturebiotechnology/. 
ONLINE METhODS
Genomic libraries and sequencing. Date palm genomic DNA was extracted from leaves obtained from farmed trees in the Doha, Qatar, area or at the US Department of Agriculture collection in Riverside, California. The Khalas female had been grown from well-documented plant tissue culture. The Alrijal female and Khalt male were seed grown but otherwise of unknown descent. DNA was extracted from the fresh leaves of date palm trees using the Wizard Genomic DNA preparation kit (Promega). Leaves used for preparation of DNA employed in generating the Deglet Noor fosmid library were derived from the seedling of a single germinated seed.
Library construction for the short-paired libraries was conducted according to the manufacturer's protocol (Illumina). Two paired libraries of average insert size 172 bp and 370 bp were used. Longer mate-pair libraries were constructed using a linker sequence-modified version of the Type III restriction enzyme EcoP15I library method as described 12 , producing 25-27 bp from either end of a DNA molecule. Fosmid library construction in vector pCC1FOS (Epicentre) was done as previously described 46 .
The genome was assembled and scaffolded using SOAPdenovo v1.4 (ref. 10) with a k-mer of 31. Scaffolding using type III restriction libraries was conducted in BAMBUS 13 using 60 Ns to designate a scaffold gap.
Annotation.
A repeat masked version of the genome was used for gene prediction. Ten million random short reads were assembled to create an initial repetitive region database to screen against the sequence data using REPEATMASKER (http://www.repeatmasker.org/). Previously trained monocot gene prediction parameters were used with the Fgenesh++ pipeline, and the entire plant section of REFSEQ was used as input for homology searches. Genes in the gender-specific region were manually curated. Functional annotation was carried out using a local implementation of the BLAST2GO 17 software. All predicted genes were searched using BLASTP (e-value cutoff of 10 −5 ) against the NR database at NCBI and also searched using the INTERPRO database at the European Bioinformatics Institute. Functional assignments, Gene Ontology and Enzyme Commission numbers were assigned whenever possible.
For the fosmid sequences, predicted ORFs were searched against the GenBank NR nt and EST databases using BLASTN and against the NR database using BLASTX. A cutoff value of e −10 was used as the significance similarity threshold for the comparison.
Transposable element identification. Transposable element identification and quantification were by a series of complementary approaches. Small noncoding transposable elements such as MITEs were found by MITE-Hunter 22 and RepeatModeler (http://www.repeatmasker.org/RepeatModeler.html). Protein-coding transposable elements were mainly identified by homology to transposable element-encoded proteins using BLASTX and required e-value of 10 −5 between predicted peptides. Intact LTR retrotransposons were found using LTR_FINDER 20 and LTR_STRUC 21 . Once transposable elements were identified, their multiple copies were found by homology in the full genome assembly and in the shotgun reads.
